Expression and function of creatine kinase (CK), adenylate kinase (AK) and hexokinase (HK) isoforms in relation to their roles in regulation of oxidative phosphorylation (OXPHOS) and intracellular energy transfer were assessed in beating (B) and non-beating (NB) cardiac HL-l cell lines and adult rat cardiomyocytes or myocardium. In both types of HL-1 cells, the AK2, CKB, HK1 and HK2 genes were expressed at higher levels than the CKM, CKMT2 and AK1 genes. Contrary to the saponin-permeabilized cardiomyocytes the OXPHOS was coupled to mitochondrial AK and HK but not to mitochondrial CK, and neither direct transfer of adenine nucleotides between CaMgATPases and mitochondria nor functional coupling between CK-MM and CaMgATPases was observed in permeabilized HL-1 cells. The HL-1 cells also exhibited deficient complex I of the respiratory chain. In conclusion, contrary to cardiomyocytes where mitochondria and CaMgATPases are organized into tight complexes which ensure effective energy transfer and feedback signaling between these structures via specialized pathways mediated by CK and AK isoforms and direct adenine nucleotide channeling, these complexes do not exist in HL-1 cells due to less organized energy metabolism.
Introduction
The mitochondria in the cardiomyocytes are regularly arranged within the limits of the sarcomeres in a longitudinal lattice between the myofibrils [1, 2] . After permeabilization of cardiomyocytes with saponin the mitochondria exhibit much higher apparent Km values for exogenous ADP in regulation of respiration than the isolated mitochondria. Thus, mitochondrial function is differently regulated in vivo, when these organelles can interact with other intracellular structures (e.g. sarcomeres, sarcolemma, etc) compared to conditions in vitro, when the normal intracellular interactions are lost [3, 4] . In the same studies, it was revealed that compared to mitochondria in cardiac cells, the Km for ADP is always significantly lower in white glycolytic muscle fibers, practically equaling to its level in isolated muscles. So it became clear that the regulation of mitochondrial function depends also on the muscle type, probably due to a different localization of mitochondria within the cellular structure in oxidative and glycolytic muscle cells [3, 4] . Indeed, the importance of structural factors in controlling mitochondrial function was confirmed by observations that modification of cell structure by treating permeabilized cardiomyocytes with minute concentrations of proteolytic enzymes [5] or by causing contracture with excess Ca 2+ [6] decreases the Km for ADP to the levels close to those registered in isolated mitochondrial fractions or glycolytic muscles. That these changes may be related to alterations in cytoskeletal proteins was revealed by an observation that mitochondrial affinity to exogenous ADP is higher in permeabilized cardiomyocytes obtained from desmin-and dystrophin-deficient mice than in cells from wild-type counterparts [7, 8] .
Altogether these findings have led us to the hypothesis that in cardiac cells the mitochondria and ATPases, with participation of cytoskeletal proteins, form complexes, termed as intracellular energy units (ICEUs) [5, 9, 10] . Owing to the local diffusion restrictions within the ICEUs [11] these complexes separate part of cellular adenine nucleotides from the bulk phase of cytoplasm and, on the other hand, are not easily permeable for exogenously added adenine nucleotides that gives rise to high apparent Km for ADP in regulation of respiration. Inside the ICEUs, the specialized pathways mediated by CK, AK, and direct adenine nucleotide channeling ensure energy transfer and feedback between mitochondria and ATPases [5, 9, 10] .
To further address the role of structure-function relationships in establishing the control over mitochondrial function, we have taken advantage of HL-1 cell line as a model of cardiac cells with distinct structural and functional properties compared to normal cardiomyocytes [12] . This cell line, first developed by Claycomb et al. [13] , can continuously divide and spontaneously contract (beating (B) HL-1 cells) while maintaining a differentiated cardiac phenotype through indefinite passages in culture [13, 14] . Recently, a novel subtype of HL-1 cells, the non-beating (NB) cells, was developed by culturing B HL-1 cells in the medium with specific serum that caused the cells to stop beating without hindering their proliferation in normal culture medium [15] . Differently from the original B HL-1 cells, the NB HL-1 cells do not present the pacemaker current, spontaneous depolarization or calcium oscillations [15] . Confocal imaging of mitochondria revealed very different structural organization of the HL-1 cells as compared to adult cardiomyocytes. In contrast to the perfect crystallike intracellular arrangement of mitochondria in adult cardiomyocytes, these organelles are rather chaotically situated in HL-1 cells, presenting filamentous and dynamically changing pattern [13] [14] [15] . Whereas the B HL-1 cells possess some residual sarcomeres, the NB HL-1 cells are devoid of these structures [13] [14] [15] . Based on these characteristics we have assumed that if the localization of mitochondria strictly near sarcomeres is indeed a prerequisite for formation and function of ICEUs, these complexes should not exist in HL-1 cells, which means that mitochondrial OXPHOS should also be regulated differently in these cells as compared to adult cardiac cells. In support of this assumption we have found that in both B and NB HL-1 cells permeabilized by saponin, the mitochondria exhibited very low apparent Km for exogenous ADP in stimulation of respiration as compared to that in adult cardiomyocytes [12] . Moreover, in NB HL-1 cells creatine was unable to stimulate respiration, indicating the absence of functional coupling between mitochondrial CK (mi-CK) and adenine nucleotide translocase (ANT) [12] . These findings suggest that diffusion of ADP is not significantly restricted and CK-mediated system of energy transfer may not function in HL-1 cells. Hence, energy metabolism in HL-1 cells might be organized differently from that observed in adult cardiac cells. At present, however, nothing is known regarding the expression of the kinases participating in the intracellular energy transfer systems in HL-1 cells. Therefore, the purpose of this study was to characterize the expression of CK, AK and HK in relation to their impact on mitochondrial or ATPase functions. The preliminary results of this study have been partially published in abstract form [16] .
Materials and methods

Laboratory animals
Adult male outbred Wistar rats weighing 300-350 g or mice (25-35 g ) were used in the experiments. The animals were kept, fed and studied in accordance to the Guide for the Care and Use of the Laboratory Animals (NIH publication no. 85-23, revised 1996).
Preparation of isolated cardiomyocytes, cardiac fibers and HL-1 cell culture
The cardiomyocytes and cardiac fibers from adult rat ventricular myocardium were isolated and permeabilized by incubating for 30 min at 4°C with 50 μg/ml saponin as described previously [9, 10, 17] . The B and NB HL-1 cells were cultured as described before [15] . The cells were detached by trypsinization and the cell's suspension was washed 4 times and centrifuged for 5 min at 1000 rpm with phosphate-buffered saline (PBS) at 4°C. Subsequently, the sediment was resuspended in Mitomed medium (see Section 2.4) and used in the experiments.
Electron and confocal microscopy
Cells were fixed for 1 h at 4°C in 2.5% glutaraldehyde in a cacodylate buffer (pH 7.4). Fixed cells were then centrifuged at 300 g for 5 min. After washing the cells in the pellet were postfixed in 2% osmium tetraoxide for 1 h. The samples were dehydrated in graded alcohol and embedded in Epon 812. The ultrathin sections were stained with lead citrate and uranyl acetate and studied under transmission electron microscope Tecnai 10 (FEI, Netherlands). For confocal microscopy, cells were detached by trypsin incubation and washed with Mitomed solution 5 times. Then the cells were incubated with a mitochondria specific dye, MitoTracker Green FM (excitation 488 nm, emission 516 nm) which becomes fluorescent accumulating in lipid environment of mitochondria and is insensitive to membrane potential and a nucleus dye, Hoechst 342 (emission 350 nm, excitation 461 nm) which is cell permeable nucleic acid stain (DNA bound). The digital images of MitoTracker® and Hoechst 342 fluorescence were acquired with an inverted confocal microscope (Leica DM IRE2) with a 63-× water immersion lens. The MitoTracker® Green fluorescence was excited with the 488 nm line of argon laser, using 510 to 550 nm for emission.
Measurement of mitochondrial respiration
The rates of oxygen uptake were recorded using a high-resolution Oroboros oxygraph (Paar KG, Austria) equipped with a Clark oxygen sensor. The HL-1 cells or permeabilized cardiac fibers/cardiomyocytes were incubated in an oxygraph chamber in the modified Mitomed solution [12, 17, 18] For permeabilization of the cell membrane, 50 μg/ml saponin was added and the cells were incubated during the 15 min. In preliminary experiments it was found that the 15 min incubation with saponin was sufficient to permeabilize the cells because during that period a gradual increase in ADP-stimulated respiration up to maximal steady state level was observed. Then the analysis of the function of the respiratory chain was started by adding 10 mM glutamate and 2 mM malate. After the registration of basal respiration rate in nonphosphorylating conditions (V 0 ), 2 mM MgADP was added to monitor the maximum rate of NADH-linked state 3 respiration (V Glut ), followed by successive additions of 10 μM rotenone to inhibit the complex I,10 mM succinate to activate FADH 2 -linked state 3 respiration (V Succ ), 0.1 mM atractyloside to assess respiratory control by blocking ANT (V Atr ), 10 μM antimycin A to inhibit the electron flow from complex II to cytochrome c (V Ant ), 0.5 mM TMPD with 2 mM ascorbate to activate cytochrome oxidase (COX), 8 μM cytochrome c to monitor whether it limits the respiration rate, and 5 mM NaN 3 to quantify COX activity as a NaN 3 -sensitive portion of respiration (V COX ). A difference between the respiration rates in the presence of atractyloside and antimycin A (V Atr −V Ant ) was taken to measure the proton leak.
A coupling between OXPHOS and mitochondrial CK (mi-CK) was estimated by using two protocols. In the first one, the HL-1 cells were incubated for 15 min in Mitomed medium at 25°C in the presence of 50 μg/ml saponin, 10 mM succinate and 10 μM rotenone, and the basal rate of respiration (V 0 ) was registered. Thereafter 0.1 mM MgATP was added to achieve a submaximal flux of endogenous ADP produced by CaMgATPases to stimulate the respiration, 2 mM AMP was added to monitor the effect of ADP produced by mitochondrial AK2, 0.2 mM diadenosine pentaphosphate (AP 5 A) was added to inhibit the AK activity, and 20 mM creatine was added to activate mi-CK. The experiment was continued by adding 2 mM MgADP to gain the maximum rate of OXPHOS, followed by the addition of 0.1 mM atractyloside to monitor the respiratory control via ANT. Then 200 nM FCCP was added to register the maximum uncoupled respiration and 8 μM cytochrome c was added to assess the intactness of the mitochondrial outer membrane (MOM). In the second protocol, after registration of V 0 in the presence of 5 mM PEP, 2 mM MgATP, 20 IU/ml PK and 20 mM creatine were successively added. The same protocol was applied to estimate the coupling between mitochondrial AK2 (mi-AK2) and OXPHOS, except that 20 mM creatine was replaced by 2 mM AMP. To assess the role of HK in stimulating OXPHOS the cells were permeabilized as described above and incubated in the presence of 0.1 μM MgATP. Then 10 mM glucose was added followed by additions of 2 mM MgADP and 0.1 mM atractyloside. In separate experiments, the role of HK bound to mitochondria was analyzed after the washout of the cytoplasmic enzymes. For this purpose, the cells were incubated in shaking conditions in 3 ml Mitomed solution with 50 μg/ml saponin for 10 min at room temperature and centrifuged at 1000 rpm for 5 min. Then the supernatant was removed, and the pellet was resuspended in Mitomed and centrifuged 1000 rpm 5 min, this washing step was repeated twice more, and the final pellet was resuspended in Mitomed and used for experiments as a stock solution. To assess the function of HK, the cells were incubated in oxygraph chamber without saponin and the experiments were started with addition of 0.1 mM MgATP as described above.
Determination of the flux of ADP produced in ATPase reactions
The suspension of HL-1 cells (10-30 μl) was incubated in the spectrophotometric (Perkin-Elmer Lambda 900) cuvette containing Mitomed supplemented with 5 mM PEP, 20 IU/ml PK, 20 IU/ml LDH and 0.24 mM NADH at 25°C. The medium was continuously mixed with a magnetic stirrer operated by the Variomag Telemodul (H+P Labortechnic, Germany). To permeabilize the cells, 50 μg/ml saponin was added and the cells were incubated for 15 min before the following successive additions were made: 1 mM MgATP, 10 mM glutamate and 2 mM malate (or 10 mM succinate with 10 μMrotenone), and 0.1 mM atractyloside. The extent of mitochondrial rephosphorylation of ADP produced in the CaMgATPase reactions was quantified as the flux through the PEP-PK system registered by the changes in NADH concentration at 340 nm decreased after switching on the OXPHOS by adding respiratory substrates. A coupling of cytosolic CK isoforms to CaMgATPases was assessed from the decrease of the ADP flux through the PK-PEP system caused by 20 mM phosphocreatine (PCr) added after stabilization of the ADP flux in the presence of atractyloside.
ATP and lactate/glucose ratio measurements
For ATP measurements in cell lysates, the NB HL-1 cells were first incubated for 10 min in Tyrode's solution containing 150 mM NaCl, 5.4 mM KCl, 0.9 mM NaH 2 PO 4 , 1.8 mM CaCl 2 , 1.2 mM MgCl 2 , 10 mM HEPES, pH 7.2, buffered with NaOH. This solution also contained 10 mM glucose for control condition, or no glucose and 2 mM 2-deoxyglucose to inhibit glycolysis. Then the cell plates were plunged into boiling water for 1.5 min, detergent solution was added (25 mM Tris, 2 mM EDTA, 0.5 mM DTT, 1/1000 Tween, pH 7.75 with acetic acid) and the plates were set to freeze at −80°C. Then the cells were thawed, sonicated, and scraped off on ice. The cell extracts were pipetted into pre-cooled tubes, spinned down at 13 000 rpm for 15 min at +4°C. The ATP concentration was measured in supernatants using Prolux luciferase-luciferin kit (Euralam, France) in a luminometer (Optocomp, MGM Instruments Inc., Hamden, CT, USA). For measurements of lactate/glucose ratio, supernatants from 25 cm 2 culture
flasks of NB HL-1 (10 7 cells) were kept after 24, 48 and 72 h of culture in normal culture medium (Supplemented Claycomb Medium) containing 21 mM glucose and 2 mM lactate. Glucose and lactate concentrations were determined using glucose-sensitive and lactate-sensitive electrodes (CCX Analyser, Nova Biomedical, Waltham, MA, USA). Glucose consumption and lactate production were calculated from the differences between their concentrations in samples and control medium.
Determination of the activities of kinases
Rat ventricular myocardial or HL-1 cells were homogenized by sonication (Bandelin Sonopuls HD 2200, probe MS 72) in ice-cold PBS. The homogenates were incubated in a spectrophotometric cuvette in stirring conditions in the Mitomed medium supplemented with NADH 0.24 mM, PEP 0.8 mM, 6 IU/ml PK, and 3 IU/ml LDH (pH 7.1, 25°C). After registration of basal CaMgATPase in the presence of 1 mM MgATP, 1.3 mM AMP was added to determine the AK activity from the changes in NADH oxidation rates at 340 nm. For CK total activity measurements the Mitomed medium was supplemented with 2 mM MgADP, 6 mM glucose, 0.6 mM NADP, 0.5 mM AP 5 A, 2 IU/ml hexokinase (HK), and 2 IU/ml glucose-6-phosphate dehydrogenase (G6PDH) at 25°C. Then the specimen was added, and after stabilizing the optical density, the reaction was started by addition of 20 mM PCr and the rate of NADPH formation was registered. The HK activity was measured in Mitomed medium in the presence of 2 mM MgATP, 0.6 mM NADP and 2 IU/ml G6PDH, and the rate of NADPH formation was monitored spectrophotometrically (Perkin-Elmer Lambda 900) after addition of 10 mM glucose at 340 nm, 25°C. To measure the mitochondria-bound HK activity in HL-1 cells, the cells were permeabilized with saponin (50 μg/ml, 10 min at room temperature) in the Mitomed solution as described above (Section 2.4) before assessment.
Determination of isoform profile of kinases
The HL-1 cells frozen at − 80°C were thawed at 0°C and homogenized in the medium containing: 1 mM EGTA, 1 mM dithiothreitol, 2 mM MgCl 2 , 5 mM HEPES and 1% Triton X-100 (1:20 w/v), pH 8.7, by ultrasound on ice during 15 s followed by a 1 min period of keeping the probe on ice. Then the same cycles were repeated thrice, and the homogenates were left on ice for 1 h for complete extraction of the CK. The CK isoform profile was assayed as follows. Samples of 4 μl (20-40 μg protein, 0.002-0.004 IU CK) of homogenates were applied to a 1% agarose gel and subjected to electrophoresis for 1 h at 180 V in Tris/barbital buffer (50 mM, pH 8.9). To reveal the CK isoenzyme activities the gel was incubated with a staining solution-soaked paper for 30 min at 30°C, and the fluorescence of the produced NADPH was visualized under UV light and analyzed with Fluor-S Multi-imager (Bio-Rad, USA). The staining solution contained 22 mM MES (pH 6.8), 50 mM magnesium acetate, 70 mM glucose, 120 mM N-acetyl cysteine, 130 mM PCr, 9 mM ADP, 10 mM NADP, 18 mM AMP, 0.75 mM AP 5 A, 18 U/ml HK, and 6 U/ml G6PDH. Electrophoresis of HK was performed in 1% agarose gel in Tris/barbital buffer (50 mM, pH 8.5, 180 V) at 4°C. Then the gels were incubated with paper soaked in staining solution (100 mM glucose, 50 mM magnesium acetate, 22 mM MES, 120 mM N-acetyl cysteine, 10 mM NADP, 50 mM ATP, and 6 U/ml G6PDH, pH 6.8) for 60 min at 37°C and visualized under UV light.
SDS-polyacrylamide gel electrophoresis and immunoblotting
Fifty micrograms of total protein in homogenates was separated by standard 12% SDS-polyacrylamide gel electrophoresis and electrotransferred by semidry blotting (Hoefel Pharmacia Biotech Inc. San Fransisco CA, USA) on a nitrocellulose membrane (Shleicher & Schüell, Dassel, Germany) according to the manufacturer's instructions. The membranes were blocked with 4% fat-free milk powder in T-TBS (20 mM Tris-HCl pH 7.5, 150 mM NaCl, 0.05% Tween 20) overnight at 4°C, incubated for 15 min at room temperature and washed for 4 × 5 min with T-TBS. Then the membranes were incubated for 1 h with ubiquitous mitochondrial CK rabbit immune sera (1:2000 dilution in a blocking buffer) or with affinity-purifed chicken anti-B-CK IgY (1:500 dilution in a blocking buffer) at room temperature [19] . For detecting AKs, the membranes were incubated for 1 h at room temperature with rabbit polyclonal antibodies against AK1 (H-90, Santa Cruz Biotechnology, Inc., USA) or AK2 (H-65, Santa Cruz Biotechnology, Inc., USA) (dilution 1:500 in a blocking buffer), washed for 4 × 5 min in T-TBS and incubated for 1 h with the peroxidase-coupled secondary antibody, either goat antirabbit IgG (Nordic, Lausanne, Switzerland) (1:1000 dilution in a blocking buffer) or rabbit anti-chicken IgY (Jackson ImmunoResearch, West Grove, PA) (1:3000 dilution in a blocking buffer) and finally washed for 4 × 5 min with T-TBS. The blots were developed with the enhanced chemiluminescence substrate (Amersham, Buckinghamshire, UK) and exposed to an X-ray film.
RNA isolation
Total RNA from 1 · 10 6 -1 · 10 7 frozen HL1 cells suspended in PBS was isolated using the RNeasy Mini Kit according to the manufacturer's protocol (Qiagen, Hilden, Germany). The integrity of RNA was verified by 0.8% agarose gel electrophoresis. Ribosomal RNA bands 28 S and 18S were visualized by ethidium bromide staining. Quantification of the nucleic acid was carried out spectrophotometrically (Lambda 900, Perkin-Elmer) at 260 nm, and the purity of RNA preparation was checked by assessing the A260/A280 ratio. Thereafter the gel was trans-illuminated with UV light and photographed by Syngene Gel Documentation System with a Syngene Software GeneSnap (Syngene, UK).
Reverse transcriptase reaction
For reverse transcription (RT), total RNA (approximately 500 ng) obtained from HL-1 cells was processed for single-stranded cDNA synthesis using Superscript III reverse transcriptase (Invitrogen, Karsruhe, Germany) and oligo dT (Proligo France SAS, Paris, France). All RT reactions were done in a PCR thermocycler GeneAmp® PCR System 2400 (Perkin-Elmer/Applied Biosystems). The resulting cDNA was used for real-time RT-PCR.
Relative quantification of mRNA expression by real-time RT-PCR
The real-time RT-PCR was performed by an ABI PRISM 7000 Sequence Detection System (Perkin-Elmer/Applied Biosystems) using the QuantiTect SYBR Green PCR Kit (Qiagen, Hilden, Germany). The samples in the reaction mixture, supplied with QuantiTect SYBR Green PCR Kit as well as no template controls, were loaded in a total volume of 31 μl per reaction. Thereafter gene specific primers were added into the reaction mix in the concentration of 0.3 μM. The oligonucleotide primers (Proligo France SAS, Paris, France) used for real-time PCR analysis are shown in Table 1 . An identical PCR cycle profile was used for all genes. The amplification started by heat activation of HotStarTaq® DNA polymerase at 95°C for 15 min. The following 35 cycles of PCR consisted of denaturation step for 15 s at 94°C, primer annealing step for 30 s at 59°C and for 30 s extension phase at 72°C. The expression data were analyzed by using a comparative critical threshold method, where the amount of the gene of interest was normalized to the housekeeping gene (hypoxanthine ribosyl transferase (HPRT1) and expressed relative to the mean values of calibrator samples using the following equation [20] :
where ΔΔCT equals to the threshold cycle difference of the gene of interest relative to reference gene HPRT1 in an unknown sample minus the threshold cycle difference of the unknown gene relative to reference gene HPRT1 in calibrator sample (adult rodent heart). The amplified cDNAs were separated in a 1.7% agarose gel to verify amplicons by size using DNA size marker (100 bp Generuler, Fermentas, Lithuania).
Statistical analysis
The means ± SEM are presented. Statistical analysis of data was performed by oneway ANOVA with Bonferroni or Dunnett's post test and by Mann-Whitney test using GraphPad Prism version 5.00 for Windows. 
Results
3.1.
Peculiarities of the respiratory chain and oxidative phosphorylation in HL-1 cells Fig. 1 demonstrates that in the solution the HL-1 cells acquired a rounded shape, a typical feature seen after the detachment of cells by trypsinization. Confocal microscopic studies of non-fixed HL-1 cells before saponin treatment (Fig. 1A, B) showed the presence of both granular and fibrilar forms of the mitochondria arranged chaotically, in contrast to the crystal-like organization of mitochondria in cardiomyocytes [1] . Electron microscopy (Fig. 1C, D) revealed focal impairment or loss of the sarcolemmal structure after treatment with saponin. Notably, the mitochondria in the cells exhibited some swelling but intact membranes, and all of them remained within the cell interior despite marked deterioration of the cell membrane. Thus, the 15 min treatment of cells with saponin was optimal for selective permeabilization of the sarcolemma without total disintegration of the cell structure and translocation of mitochondria into the medium. Fig. 2 and Table 2 show that mitochondrial respiration in permeabilized HL-1 cells substantially increased over the basal levels after addition of MgADP and that this ADP-dependent activation was effectively abrogated with atractyloside. Hence, the mitochondrial inner membrane was intact ensuring effective control over OXPHOS by ANT. Addition of cytochrome c to cells in conditions of maximum activation of COX (Fig. 2) or uncoupled respiration (Fig. 6A ) did not increase the respiration which means that the mitochondria had not 
lost cytochrome c from their intermembrane space. In line with morphological analysis (Fig. 1) these observations suggest that saponin treatment resulted in permeabilization of sarcolemma allowing MgADP to reach mitochondria but did not destroy the mitochondrial membranes in HL-1 cells.
Notably, the functional activity of COX markedly exceeded that for upstream complex I or complex II expressed as V Glut and V Succ (Fig. 2 , Table 2 ). The V Succ /V COX was higher than V Glut /V COX , and the V Glut /V Succ was about 0.4-0.44 which is less than observed in the mitochondria in normal myocardium (1.2-1.3 [10] ). These data indicate a relative deficiency of the complex I of the respiratory chain [21, 22] . In general, the mitochondria appeared to be similar in B and NB HL-1 cells, except that the latter exhibited higher V Succ /V COX than the former (Table 2) .
3.2. Differences in energy transfer pathways between cardiomyocytes and HL-1 cells Fig. 3 activated ATPases and therefore can be termed as CaMgATPase. However, the CK activity was about 30 times lower than in the homogenates of rat myocardium (5284 ± 978 nmol/min/mg protein) that is in conformity with earlier data [3, 12, 23] . The total AK activity was about five-fold higher than CK activity. Such AK to CK activity ratio in HL-1 cells contrasts to that in cardiomyocytes where the CK activity normally prevails against AK [24] . The HL-1 cells also exhibited much higher HK activity (150-170 nmol/min/mg protein) compared to adult rat cardiomyocytes or intact myocardium (30-40 nmol/min/mg protein). Akin to respiratory properties, the B and NB cells exhibited no differences in total enzyme activities. Fig . 3B shows that HL-1 cells contained normal amount of ATP (30-40 nmol/mg of protein comparable with that in cardiomyocytes (about 40 nmol/mg of protein). The ATP content was decreased by half ( Fig. 3B ) after inhibition of glycolysis by 2-deoxyglucose. Glucose consumption and lactate production measurements performed in supernatants from cells cultured in normal medium showed effective conversion of glucose into lactate: the lactate production/glucose consumption ratio was 1.84 ± 0.04 (n = 5) (Fig. 3C) , it did not depend on incubation time and was very close to the maximum value of 2 molecules of lactate per molecule of glucose consumed. These results together with the enzyme profiles described above show that NB HL-1 cells display a glycolytic phenotype of energy metabolism.
RT-PCR reaction analysis revealed expression of genes AK2 and CKMT encoding mitochondrial AK and CK isoforms, respectively, and genes AK1, CKM and CKB encoding cytosolic isoforms of AK and CK, respectively, in the HL-1 cells. The HK1 and HK2 genes were also expressed, whereas expression of HK3 gene was not detected (Fig. 4A, B) . When the data were normalized to corresponding gene activities in mouse ventricular myocardium, low mRNA levels were found for CKM, CKMT2 and AK1, whereas AK2, CKB, HK1 and HK2 expressed at higher levels, close to those in ventricular myocardium (Fig. 4C) . Fig. 4C also shows that by transcriptional activities of the genes the B and NB HL-1 cells were similar, except that CKM gene expression was not as low in B as in NB cells. Fig. 5 depicts the expression of the enzyme isoforms at the protein (Fig. 5A ) and activity levels (Fig. 5B, C) . Since the B and NB HL-1 cells showed similar isoform profiles (results not shown) the data here are given for NB HL-1 cells only. It can be seen that the HL-1 cells contain AK1, AK2, mitochondrial CK and B-CK proteins and that the expression of mitochondrial CK and MM-CK encoded by CKMT2 and CKM genes, respectively, was not detectable in a native electrophoresis of the HL-1 cell homogenates, which is probably due to a little transcriptional activity. It is also remarkable (Fig. 5B ) that while in adult cardiac cells the MM-CK represents the major cytosolic CK isoform, it is totally replaced by BB-CK isoform in the cytosol of the HL-1 cells. Native electrophoresis (Fig. 5C ) confirms the data obtained by real-time RT-PCR in that the HL-1 cells express HK1 and HK2 isoforms but not the HK3 isoforms, and that this profile of HK expression is similar to that in adult ventricular myocardium [25] .
To assess the role of mitochondrial kinases in HL-1 cells, the presence of functional coupling between ANT and mi-AK2 or mi-CK known to exist in adult cardiomyocytes [10] was first investigated. In one set of experiments, the cells were permeabilized in oxygraph chamber followed by addition of 0.1 mM of MgATP, which caused a small stimulation of respiration due to limited amount of MgADP produced by CaMgATPases (Fig. 6A) . Then 2 mM AMP was added which strongly activated respiration to 150% over basal level with MgATP. This change was fully abolished by addition of AP 5 A, an inhibitor of AK, confirming that stimulation of respiration by AMP was indeed related to AK producing excess ADP from available AMP and ATP. Compared to AMP effects, creatine exerted a small but insignificant activation of respiration while added after AP 5 A (Fig. 6A, B) . Another set of experiments was performed to ascertain whether the activation of respiration by AMP or creatine was due to local production of ADP by mi-AK2 or mi-CK, respectively, in the space between mitochondrial inner and outer membranes, or to ADP generated by the kinases in the bulk phase of cytoplasm (Fig. 7) . Fig. 7A shows a typical experiment for isolated and permeabilized cardiomyocytes from adult rat heart. First, the OXPHOS was activated by 2 mM MgATP through generation of MgADP by ATPases. Then the PK in activity of 20 IU/ml sufficient to trap all ADP available in the bulk phase of the cytoplasm [9] was added. It can be seen that PK+PEP system suppressed the overall MgADP flux to mitochondria not more than by 30-40%, which corresponds to an extent of inhibition usually found in the skinned cardiomyocytes or cardiac fibers [26] . A subsequent addition of 20 mM creatine markedly stimulated respiration which is explained by accumulation of local ADP near ANT due to its functional coupling to mi-CK and ANT [26, 27] . Fig. 7B shows that differently from that in cardiomyocytes, in NB HL-1 cells the PK+PEP system entirely abolished the mitochondrial activation caused by MgATP, hence the PK+PEP system fully utilized MgADP produced by CaMgATPases. In this situation creatine was unable to significantly stimulate respiration (Fig. 7B, C) , whereas AMP could still produce contrastingly large activation (Fig. 7D) . Thus, it was not mi-CK but mit-AK2 isoform that was coupled to OXPHOS because only the latter enzyme could increase local MgADP in the intermembrane space not available to exogenous ADP-trapping system. It is also noteworthy that MgATP at 2 mM concentration ( Fig. 7B-D [12] .
Since it has been proposed that HK protein binds to porin protein of the voltage dependent anion channel (VDAC) in the mitochondrial outer membrane (MOM) [28] , we also investigated interaction of HK and OXPHOS in HL-1 cells. Interestingly, glucose exerted a marked stimulatory effect on mitochondrial respiration at 0.1 mM MgATP in both B and NB HL-1 cells, whereas its effect was negligible in permeabilized cardiomyocytes (Fig. 8) . Conceivably, high level of HK1 and HK2 expression was associated with binding either one or both isoforms with VDAC in the MOM that allowed the HK to exert control over OXPHOS so that it used mitochondrially produced ATP for glucose phosphorylation and provided ADP to stimulate OXPHOS. Fig. 9 demonstrates the results of the experiments performed to test a direct ADP transfer of adenine nucleotides between the CaMgATPases and mitochondria shown to exist in rodent and human myocardial cells [8] [9] [10] . As the first step, the CaMgATPases were activated by addition of 2 mM MgATP (Fig. 9A-C) . In the absence of OXPHOS the ADP flux produced by CaMgATPases entirely passed through the PK reaction that also clamped the [ATP] in the medium. In normal cardiomyocytes (Fig. 9A, C, E) , the following launching of OXPHOS by glutamate + malate resulted in significantly decreased (by 34%) ADP flux because now the endogenous ADP was partially taken up and phosphorylated by mitochondria in an atractyloside-sensitive manner, thus bypassing the route through PK. This finding means that about 34% of total MgADP produced by CaMgATPases was transferred directly to mitochondria, in agreement with previous experiments [9, 12] . However, in HL-1 NB and B cells the mitochondria were unable to compete with PK+PEP system for MgADP liberated from CaMgATPase reactions; so, there was no direct transfer of ADP/ATP between mitochondria and CaMgATPases in these cells (Fig. 9B, C, E) . To exclude the possibility that low activity of OXPHOS Fig. 5 . A. Immunoblots tested with polyclonal rabbit antibodies against AK1, AK2, MtCK and affinity-purified chicken IgY antibodies against B-CK. Homogenized NB HL-1 cells containing 50 μg total protein were used as a sample (NB). To verify B-CK and MtCK, recombinant human proteins (approximately 1 μg) expressed in E. coli were applied as positive controls. For AKs, protein from the cytosolic or mitochondrial fractions of the rat heart was used as positive controls for AK1 or AK2, respectively. B. Agarose gel electrophoresis of CK isoforms. Homogenate of NB HL-1 cells was used as a sample (40 μg total protein) (NB). For control, a sample of the homogenate of rat ventricular myocardium (10 μg total protein) was run (Rat). C. Agarose gel electrophoresis of HK isoforms. Homogenate of NB HL-1 cells was used as a sample (20 μg total protein) (NB). For control, a sample of the homogenate of rat ventricular myocardium (95 μg total protein) was run (Rat). due to relative deficiency of complex I of the respiratory chain could limit mitochondrial capacity to compete with PK+PEP system in HL-1 cells, the same experiments were repeated in the presence of 10 mM succinate with 10 μM rotenone, i.e. in conditions that generate much higher rates of OXPHOS than with glutamate and malate (Table 2) . Again, however, the direct transfer could not be detected (results not shown), which means that the lack of it could not be related to peculiarities of the substrate-dependency of OXPHOS in these cells.
It is well known that the CK-MM isoform is coupled to peripheral ATPases to regenerate local ATP near ATPases such as Ca [ [29] [30] [31] . In our study this coupling was assessed as a continuation of the same experiment and on the same sample used to evaluate the direct adenine nucleotide transfer. To this end, 20 mM PCr was added after atractyloside (Fig. 9A, B, D) and the effect on ADP flux available for PK+PEP system was compared with that before PCr addition. Fig. 9A and F demonstrates strong coupling of MM-CK to CaMgATPases in permeabilized cardiomyocytes, as similarly to earlier studies [29, 30] PCr markedly attenuated the ADP flux (by 37%), which means that this portion of ADP generated by ATPases became unaccessible for exogenous PK+PEP system for it was rephosphorylated at the expense of PCr within the complex between MM-CK and CaMgATPases. In contrast, in HL-1 cells addition of PCr exerted no effect on ADP flux carried through the PK+PEP system, which shows that the B-CK although abundantly expressed was not coupled to CaMgATPases (Fig. 9B, F) .
Discussion
This study features several novel and important differences in energy metabolism of cultured HL-1 cardiac cells as compared to normal cardiomyocytes. It was found that HL-1 cells display a glycolytic phenotype and possess mitochondria with deficient respiratory chain complex I. The latter conclusion stems from the observation that in state 3 the V Succ markedly exceeded the V Glut causing a low V Glut /V Succ . This index is especially sensitive to alterations in complex I because (i) being measured for each individual sample it excludes the preparation dependent variability and because (ii) it correlates with the activity ratio of complex I+III/complex II+III in many tissues [21] . In most cell types, the V Glut is higher than V Succ , e.g. in human atrial myocardium it equals to 1.2 [10, 21] . Muscle diseases are associated with decreased V Glut /V Succ and this change is used to diagnose the insufficiency of complex I of the respiratory chain [21, 22] . Interestingly, the V Succ /V COX was significantly higher in NB than in B HL-1 cells, which means that deficiency in complex I may vary between these two cell lines depending on their contractile activity.
In a recent paper, we have demonstrated an absence of coupling of mi-CK to ANT in NB HL-1 cells [12] . The present study shows that the same holds for B HL-1 cells. For both types of cells, a very low level of mi-CK expression (Fig. 4) associated with its negligible functional activity (Fig. 5 ) may be one reason for missed coupling, as not enough mi-CK is available for interacting with ANT at the outer aspect of mitochondrial inner membrane. Furthermore, it is obvious that although the HL-1 cells possess large amounts of BB-CK (Figs. 4 and 5) , this isoform is unable to replace mi-CK for regulating OXPHOS, most likely because it cannot penetrate the MOM. This finding once again emphasizes the unique role of mi-CK in ensuring compartmentalized interaction with ANT.
A remarkable observation is that the BB-CK is not functionally coupled to CaMgATPases in HL-1 cells either. This became clear from the experiments in which the effect of exogenous PCr on ADP flux generated by CaMgATPases was monitored. In normal cardiac muscle cells, PCr strongly attenuates this flux because it triggers phosphorylation of ADP by MM-CK in a microcompartment between the CK and ATPases not accessible to exogenous PK [10, 30] . For such interaction, the structural closeness of MM-CK to CaMgATPases is required, like it occurs in sarcomeres where the CK is attached to the M-line near myosin heads [32] . In other types of cells (e.g. HELA cells [33] or gastric parietal cells [34] ) the BB-CK is also functionally coupled to energy consuming processes. The reason for lacking functional coupling between the BB-CK and CaMgATPases in HL-1 cells is presently unclear. Considering that in our experiments the cellular CK activity in direction of ATP formation equaled approximately to CaMgATPase measured in the same conditions (Fig. 3) and that BB-CK constitutes most of that activity (Figs. 4 and 5) it is unlikely that coupling failed due to insufficient quantity of BB-CK. More plausibly, the BB-CK, although expressed, remains unbound to specific sites near individual ATPases that hinders interaction between these two enzymes. Altogether, the current data can be taken to indicate that the CK-mediated energy transfer is not operative in HL-1 cells.
It has been proposed that whenever the intracellular CK-mediated energy transfer becomes compromised the AK-mediated system takes on a role of shuttling the energy-rich phosphoryls from mitochondria and ATPases in cardiac cells [35, 36] . In that context, strong expression of mi-AK2 isoform associated with its effective control over OXPHOS (Figs. 6 and 7) may represent a compensation for inadequate mi-CK in HL-1 cells. However, it is yet uncertain whether AK system has a sufficient capacity for linking mitochondria and ATPases to each other, because the expression of cytosolic AK1 responsible for the regeneration of ATP in the vicinity of ATPases was much lower compared to mi-AK2 isoform that might limit the effectiveness of energy transfer via AK system.
We found that glucose strongly activated respiration of permeabilized HL-1 cells in the presence of exogenous ATP (Fig. 8) . Several facts suggest that this phenomenon stems from specific interaction of HK isoforms with mitochondria. (i) Both HK1 and HK2 isoforms can bind to VDAC (porin) protein in the MOM in skeletal muscles and myocardium [28, 37] . As a result, mitochondrially produced ATP can be used to phosphorylate glucose, whereas ADP liberated by HK reaction can be transferred back into the matrix to stimulate OXPHOS via porin connected to ANT [38] [39] [40] . (ii) We found that after permeabilization of the cell membrane, the NB and B HL-1 cells still retained the HK in activities of 197.7 ± 52.2 (n = 4) and 112.8 ± 4.3 (n = 6) nmol/min/mg of protein (p b 0.05), respectively, which were very close to their counterparts registered in whole cell homogenates (Fig. 2) . On the other hand, Parra et al. have shown that in permeabilized skeletal muscle cells all the detectable HK activity belongs to the enzyme bound to mitochondria [37] . This evidence suggests that most of the cellular HK activity remained with mitochondria in permeabilized HL-1 cells. In support of that the higher HK activity in NB cells compared to B cells correlated with stronger stimulation of respiration in former cells (Fig. 8). (iii) In our hands 30 to 70% stimulation of respiration with glucose was achieved in the presence of 0.1 mM MgATP, this concentration being far below the Km of HK for that nucleotide (0.5-1 mM [40] ). In these conditions strong activation of respiration can be explained only by formation of complexes between mitochondria and HK that leads to endogenous ATP/ADP cycling thereby amplifying the respiratory response in spite of the presence of minute quantities of MgATP [40] . (iv) Overexpression of HK2 isoform and its binding to mitochondria is a characteristic feature of tumor cells [41, 42] . Considering that the HL-1 cells are immortal akin to the tumor cells and that both are capable of unlimited proliferation, these cells might share other characteristics like strong expression of HK and its coupling to OXPHOS as well.
Interaction of HK with mitochondria observed in this study may represent a key step of the HK-mediated energy transfer in HL-1 cells, because it promotes glycolysis that in turn provides ATP (e.g. from PK reaction) for ATPases and ATP-dependent ion channels [31] . This assumption is substantiated further by the observations that in muscle cells coupling of HK to OXPHOS increases with enhanced workload [37] and augments the capacity of glucose uptake [28] , and that the unidirectional flux of high-energy phosphoryls through glycolytic system can reach the rates equal to those of OXPHOS in muscle cells (reviewed by Dzeja and Terzic [31] ).
The differences in energy metabolism between the cardiomyocytes and HL-1 cells described above might be directly related to distinct structural organization of these cells. In adult cardiomyocytes the mitochondria are tightly associated with adjacent sarcomeres into ICEUs arranged by cytoskeletal proteins, e.g. by desmin that cross-links the sarcomeres of neighboring myofilaments into register [43] . The cytoskeletal proteins also form barriers for adenine nucleotide diffusion at the level of MOM and within the ICEUS, which results in much higher apparent Km [200-400 μM] for exogenous ADP in regulation of OXPHOS in permeabilized cardiomyocytes than in isolated mitochondria [5, 9, 28, 29, 43] . To overcome diffusion limitations the ICEUs are equipped with a diversity of means of energy and feedback signal transfer -the systems mediated by different isoforms of CK and AK and direct channeling of adenine nucleotides, which activate ATPases and OXPHOS by increasing local ATP and ADP, respectively [5, 9, 10, [27] [28] [29] [30] [31] ]. In contrast, in HL-1 cells where mitochondria are randomly arranged, move slowly and form dynamically changing filaments [13] [14] [15] , the regulation of OXPHOS is entirely different: the Km for exogenous ADP is much lower (20-40 μM) than in cardiomyocytes [12] and exogenous PK+PEP system can easily reach the sites of ADP formation and therefore to phosphorylate it before it diffuses to mitochondria (Fig. 7) . Interestingly, similar to HL-1 cells low Km for ADP can be achieved after mild treatment of cardiomyocytes with trypsin that modifies the proteins controlling diffusion of adenine nucleotides [5] . High affinity of mitochondria for ADP in regulation of respiration is also characteristic of rat permeabilized cardiomyocytes in their early postnatal stage (1-2 days after birth) when the mitochondria are still irregularly localized in the cytoplasm, mi-CK is not expressed, and sarcomeres are scarcely formed [44] . It is only during later phases of postnatal development (up to 6 weeks) that the affinity of mitochondria to exogenous ADP in these cells decreases along with increases in mi-CK expression, its functional coupling to ANT and maturation of ICEUs to the extent and quality required for normal function of adult cardiomyocytes [44] . Altogether these findings suggest that in the HL-1 cells the intracellular energy metabolism has been regressed from the ICEU-type of organization towards less developed immature system characterized by the absence of complexes formed by mitochondria and CaMgATPases and a shift from predominantly CK-to AK-and HK-mediated system of energy transfer and feedback. This type of remodeling of energy metabolism might favour the life of HL-1 cells by various means. Binding of HK enables taking advantage of mitochondria by impelling them to provide ATP for glucose phosphorylation that boosts glycolysis [28] to become a preferable energy source even in normoxic state (Fig. 3) . HK also promotes VDAC closure and blocks the mitochondrial Ca 2+ -dependent opening of the mitochondrial permeability transition pore (PTP), in association with protecting the cells from entering apoptosis [45] [46] [47] . In the context of the cellular defense mechanisms, the role of mitochondrial kinases in limiting ROS production should be taken into account. It has been recently demonstrated in brain mitochondria that the coupling of mitochondrial HK or CK isoforms to OXPHOS decreases the rate of ROS production through diminishing Δψ due to increased ADP recycling [48, 49] . In our experiments the HL-1 cells exhibited relative insufficiency of complex I, which might give rise to excess ROS production due to attenuation of the electron flow at this step of the respiratory chain [50] . Interactions of HK and AK2 with OXPHOS might help to overcome this unfavourable situation by tuning Δψ to the levels associated with minimal ROS generation. Thus, it is conceivable that AK2-and HK-mediated control over mitochondrial function serves as a powerful mechanism to protect the HL-1 cells from Ca 2+ -or ROS-induced apoptotic death, this, among other factors, giving them immortality. Further studies are required to test these hypotheses in HL-1 cells.
